BACKGROUND: Hyperglycemia after traumatic brain injury (TBI) is associated with poor outcome. In this study, we examined the incidence and risk factors for perioperative hyperglycemia in children with TBI. METHODS: A retrospective cohort study of children Յ13 yr who underwent urgent or emergent craniotomy for TBI at Harborview Medical Center (level I Adult and Pediatric Trauma Center) between 1994 and 2004 was performed. Preoperative (emergency department to general anesthesia start), intraoperative (during general anesthesia), and immediate postoperative (first 24 h after surgery) glucose values for each patient were retrieved. The incidence of hyperglycemia (glucose Ն200 mg/dL) and hypoglycemia (glucose Ͻ60 mg/dL) was determined. Persistent hyperglycemia was defined as hyperglycemia during any 2/3 (preoperative, intraoperative, and immediate postoperative) study periods, whereas transient hyperglycemia was defined as hyperglycemia during any one study period. Multivariate logistic regression analysis was used to determine the independent predictors of perioperative hyperglycemia. Data are presented as adjusted odds ratio (AOR) (95% CI) and P Ͻ 0.05 reflects significance. RESULTS: At least one serum glucose value was recorded during each study period: preoperative (86 [82%]), intraoperative (94 [89%]), and postoperative (101 [97%]). Sixty-four percent of children had less than one glucose recorded per anesthetic hour. Forty-seven (45%) children had hyperglycemia during at least one study period. Transient hyperglycemia occurred in 29 (28%) and persistent hyperglycemia occurred in 18 (17%) children. Independent predictors of perioperative hyperglycemia were age Ͻ4 yr (AOR [95% CI]; 3.5 [1.2-10.6]), Glasgow Coma Scale Յ8 (AOR 95% CI; 7.2 [2.4 -21.5]) and the presence of multiple lesions including subdural hematoma (AOR 95% CI; 34.7 [2.3-525.5]). Six children were treated with insulin, and two children had hypoglycemia, unrelated to insulin treatment. CONCLUSIONS: Perioperative hyperglycemia was common and intraoperative hypoglycemia was not rare, but more frequent intraoperative glucose sampling may be needed to better determine the incidence of hypo and hyperglycemia during the perioperative period. Age Ͻ4 yr, severe TBI and the presence of multiple lesions, including subdural hematoma, were risk factors for perioperative hyperglycemia.
ciated with frequent morbidity and mortality. [1] [2] [3] [4] [5] While brain damage due to trauma accounts for the majority of early mortality after TBI, secondary injury to the brain can occur as a result of hypotension, hypoxia, increased intracranial pressure (ICP) and hyperglycemia; thereby leading to poor outcome. [1] [2] [3] [5] [6] [7] The prevention and rapid correction of these secondary insults can result in improved outcome after TBI.
Previous studies have shown that pediatric patients with TBI have higher serum glucose levels than those suffering from trauma without TBI, and that hyperglycemia occurs more frequently in children with severe TBI than in those with mild and moderate TBI. 2, 4 Additionally, admission hyperglycemia after TBI is associated with poor outcome, especially when it persists beyond the first 24 h. 2 High Pediatric Intensive Care Unit (PICU) admission glucose is associated with longer PICU length of stay and higher in-hospital mortality 8 and lower admission glucose in severely head-injured infants has been reported to be associated with good Glasgow Outcome Score at 1 yr. 5 Although severe TBI, indicated by lower Glasgow Coma Scale (GCS) score and head computed tomography (CT) findings, has been reported to correlate with admission hyperglycemia in pediatric patients, 1,2 perioperative hyperglycemia has never been considered. Although the intraoperative period is physiologically very stressful and may be associated with secondary insults, the incidence of perioperative hyperglycemia, including in the intraoperative period, is not known. In this study, we aimed to examine the incidence and risk factors for perioperative hyperglycemia in children with TBI and hypothesized that the incidence of perioperative hyperglycemia, which includes the intraoperative period, in children with TBI was high and was associated with young age and severe TBI.
METHODS

Study Design
A retrospective cohort study of children Յ13 yr who underwent urgent or emergent craniotomy for TBI at Harborview Medical Center (HMC: level I Adult and Pediatric Trauma Center) was performed after approval by the University of Washington's Human Subjects IRB.
Subjects and Setting
Children Յ13 yr who underwent urgent or emergent craniotomy for TBI over a 10 yr period between 1994 and 2004 at HMC were included. Anesthetic records with CPT codes reflecting evacuation of subdural hematoma (SDH), epidural hematoma, intracerebral hemorrhage, decompressive craniotomy or craniotomy were retrieved to generate a complete list of eligible children. Children with history of diabetes mellitus and those returning to operating room for repeat intracranial surgery were excluded. Medical and anesthetic records were reviewed for demographics, GCS upon arrival to the emergency department (ED), radiographic findings corresponding to the time immediately preceding surgery, insulin administration and in-hospital mortality. Preoperative (the period from admission to the ED to the commencement of general anesthesia in the operating room), intraoperative, and immediate postoperative (first 24 h after surgery) glucose values for each patient were retrieved from the HMC Laboratory Information Systems database. When intraoperative glucose values were not available through Laboratory Information Systems, they were abstracted from the anesthetic records.
Outcomes
The main outcome was the incidence of hyperglycemia, defined as serum glucose Ն200 mg/dL at any time during the preoperative, intraoperative, and immediate postoperative (first 24 h) period. Secondary outcomes were: (1) insulin treatment of hyperglycemia, (2) incidence of hypoglycemia (glucose Ͻ60 mg/dL), and (3) incidence of persistent hyperglycemia. Persistent hyperglycemia was defined as hyperglycemia during any two of the three (preoperative, intraoperative, and immediate postoperative) study periods and transient hyperglycemia was defined as any episode of hyperglycemia during any one study period. We also examined mortality.
Statistical Analysis
Serum glucose values were categorized into bins as follows: Ͻ60 mg/dL, 60 -110 mg/dL, 111-149 mg/dL, 150 -199 mg/dL, 200 -299 mg/dL, 300 -399 mg/dL, and Ն400 mg/dL. Descriptive statistics were used to examine clinical characteristics, perioperative (preoperative, intraoperative, and immediate postoperative) glucose data, insulin treatment, and incidence of hyperglycemia and hypoglycemia. The relationship between 1) preoperative and intraoperative glucose, and 2) intraoperative and postoperative glucose was examined using Spearman's rank correlation. Student's t-test was used to examine age differences, perioperative fluids, and duration of anesthesia in children with and without perioperative hyperglycemia. The univariate association between age Ͻ4 yr, severe TBI (ED GCS Յ8), TBI lesion type (isolated epidural hematoma/isolated SDH/isolated intracerebral hemorrhage/any SDH/ multiple lesions), extracranial injuries, mannitol administration, ICP Ͼ20 mm Hg, fever (temperature Ն38.5°), hypotension (systolic blood pressure less than fifth percentile for age and gender), and hyperglycemia was examined using Fisher's exact and 2 test. We also examined the relationship between hyperglycemia and death. Significant univariate factors (P Յ 0.05) were then entered in a multivariate logistic regression model to determine the independent predictors of perioperative hyperglycemia (SPSS 11.5, SPSS Inc., Chicago, IL). Data are presented as mean Ϯ sd (range), median (range), number (percent), or adjusted odds ratios (95% CI) as appropriate. P Ͻ 0.05 was considered significant.
RESULTS
Institutional Management of Pediatric TBI
Currently, the management of children with TBI at HMC aims to achieve the goals described in the 2003 pediatric guidelines. 9 Before publication of the guidelines, the clinical management of these children was more variable. However, during the study period, none of the patients received perioperative steroids and all were administered dextrose-free IV fluids during the pre and intraoperative period. All patients received either D5NS or D 1/2NS postoperatively in the PICU as maintenance fluids. During the study period, while there was no fixed anesthetic protocol and the anesthetic regime was determined by the attending anesthesiologist, all patients received inhaled anesthesia with Ͻ1 minimum alveolar anesthetic concentration isoflurane or sevoflurane without nitrous oxide and intermittent boluses of fentanyl/ morphine to provide analgesia with the overall goals of maintaining cerebral blood flow. Mild hyperventilation and mannitol were used to facilitate brain relaxation during surgery, if required, as they are in children with severe TBI. While ICP monitoring is used at our institution, most of these patients came to the operating room directly from the ED, and did not have ICP monitoring. In this study, 11 patients had ICP monitors in place before surgery and general anesthesia. Insulin treatment for control of blood glucose was at the discretion of the attending anesthesiologist, and glucose treatment thresholds may have changed over time.
Patients
One-hundred-twelve children underwent urgent or emergent craniotomy for TBI during the 10 yr study period. One anesthetic record was missing and six cases were misclassified for procedures (nonurgent craniotomy or repeat surgery). After excluding these seven children, data from the remaining 105 children were included in the final analysis. The perioperative clinical characteristics of these children are described in Table 1 .
Incidence of Perioperative Hyperglycemia
In all, 47 (45%) children had hyperglycemia during at least one study period (preoperative, intraoperative or postoperative within 24 h of surgery).
Preoperative Glucose
At least one preoperative glucose [median 158.5 (range, 69 -379) mg/dL] was recorded in 86 (82%) children ( Table 2 ). Hyperglycemia occurred in 22 (26%) children and none had hypoglycemia. None of the children with preoperative hyperglycemia was treated with insulin before surgery.
Intraoperative Glucose
At least one intraoperative glucose (median 149.5 [range, 78 -418] mg/dL) was recorded in 94 (89%) children ( Table 2 ; Figs. 1, 2, 3). The median anesthetic time was 180 (range, 60 -420) min. On average, glucose was sampled once every 75 min during general anesthesia, but it was recorded less than once per anesthetic hour in most (64%) children.
Thirty (32%) children had intraoperative hyperglycemia. There was no association between preoperative and intraoperative glucose (R 2 ϭ 0.25). Most (90%) children who had initial hyperglycemia had glucose checked subsequently during general anesthesia.
Six children received IV insulin for median glucose of 299 (range, 193-420) mg/dL. IV insulin boluses ranged from 0.07 to 0.8 U/kg. None of the children treated with insulin had subsequent hypoglycemia (Table 3) .
Two children had hypoglycemia (glucose Ͻ60 mg/dL), unrelated to insulin treatment. Each child had one hypoglycemic episode (24 and 52 mg/dL, respectively). The 5-mo-old child with glucose of 24 mg/dL was treated with dextrose (D 25 solution; 2 mL/kg), with a subsequent increase in glucose to 145 mg/dL (Table 4 ). 
Postoperative Glucose
One-hundred-one (97%) children had at least 1 glucose (median [range] 146.0 (75-355) mg/dL) recorded during the first 24 h after surgery. Twentyfour (24%) children had postoperative hyperglycemia, and none received insulin. There was no correlation between intraoperative and immediate postoperative glucose (R 2 ϭ 0.28). One child, without prior hypoglycemia had a single episode of immediate postoperative hypoglycemia (glucose ϭ 45 mg/dL) which resolved without dextrose administration. 
Transient Versus Persistent Hyperglycemia
Transient hyperglycemia occurred in 29 (28%) children and persistent hyperglycemia occurred in 18 (17%) children. Eleven (50%) children with preoperative hyperglycemia had intraoperative hyperglycemia and 14 (47%) children with intraoperative hyperglycemia had postoperative hyperglycemia. Hyperglycemia occurred in all three study periods in 8 (7.6%) children.
Factors Associated with Perioperative Hyperglycemia
Univariate risk factors for perioperative hyperglycemia were age Ͻ4 yr, severe (GCS Յ8) TBI, isolated SDH, any SDH, multiple lesions on head CT, mannitol administration and volume of perioperative fluid administered (Table 5 ). In-hospital mortality was higher in children with perioperative hyperglycemia than those without hyperglycemia (P ϭ 0.006). Twelve of 15 children who died had perioperative hyperglycemia and 7 (39%) children with persistent hyperglycemia died. Independent predictors of perioperative hyperglycemia were age Ͻ4 yr, severe TBI, and the presence of multiple lesions including SDH on head CT (Table 6 ).
DISCUSSION
Hyperglycemia is a negative prognostic indicator in adult and pediatric TBI 1-3,5,6,10,11 and this study provides the first estimate of the incidence and risk factors for perioperative hyperglycemia in children with TBI who underwent urgent/emergent craniotomy at our institution. The main findings of this study are that, in children with TBI, 1) perioperative hyperglycemia was common, 2) although most patients had at least one glucose check during general anesthesia, the sampling frequency for the majority of children was less than one serum glucose per anesthetic hour, 3) intraoperative hyperglycemia was common but few patients were treated with insulin, 5) age Ͻ4 yr, severe TBI and presence of multiple lesions that include SDH on preoperative head CT were independent predictors of perioperative hyperglycemia, and 6) intraoperative hypoglycemia occurred independent of insulin treatment and was not rare.
In this study, we used a somewhat arbitrary definition of hyperglycemia (Ͼ200 mg/dL). Previous studies have used different glucose values to define hyperglycemia in the context of pediatric TBI. These values vary and range from 150 mg/dL 2 to as high as 270 mg/dL. 4 However, the treatment threshold for hyperglycemia in both adults and children is controversial; some clinicians may not administer insulin for a glucose of 150 mg/dL for fear of hypoglycemia, and others may consider a glucose of 270 mg/dL to be too high a treatment threshold. In a randomized, controlled study involving more than 1500 critically ill adults, Van den Berghe et al. recommended intensive insulin therapy to maintain blood glucose Յ110 mg/dL to reduce morbidity and mortality. 12 In a subsequent study analyzing 63 of these patients with isolated TBI, they observed significant reduction in mean and maximum ICP, incidence of seizures and diabetes insipidus, and suggested that tight glucose control with insulin protects the central and peripheral nervous system and shortens the intensive care dependency, with improved long-term rehabilitation. 13 Despite the lack of consensus regarding the hyperglycemia definition threshold in TBI, we used a value of 200 mg/dL because in current clinical practice, this is a commonly used treatment threshold. Our data show that glucose Ͼ200 mg/dL is common during the perioperative period. In this study, we based our estimates of the incidence of hyperglycemia on available data, which was almost always obtained during each of the three study periods but only intermittently obtained within each study period. Therefore, the actual prevalence of intraoperative or perioperative hyperglycemia may be higher than currently estimated. In support of this idea is a recent study which reported that hyperglycemia was frequently not detected with intermittent laboratory glucose measurements in critically ill children. 14 A continuous glucose monitoring system with real-time read-outs might be one solution to decrease sampling bias and valuable for the real-time detection and treatment of hyper and hypoglycemia during the perioperative period. 14 After initial trauma, TBI evolves and different periods of injury may be particularly stressful. This may be one explanation for the lack of correlation between glucose values that we observed during different study periods. Our data show that it may not be possible to predict intraoperative glucose on the basis of preoperative glucose or predict postoperative glucose on the basis of intraoperative glucose levels. Frequent sampling of glucose before, during and after surgery is therefore important.
In this study, risk factors for perioperative hyperglycemia were age Ͻ4 yr and severe TBI. We dichotomized age into a young versus older age group because children younger than 4 yr have the highest rate for TBI-related deaths, hospitalizations, and ED visits 15 and have worse outcome than older children. 16 -18 The relationship between hyperglycemia and young age in this study suggests that hyperglycemia may be one mechanism that explains why young children have poor outcomes after TBI. Our finding that children with severe TBI have more perioperative (including the intraoperative period) hyperglycemia is new, and adds to the information on hyperglycemia in children with TBI previously provided by Michaud et al. 1 and Chiaretti et al. 2 Unlike Michaud et al., 1 however, we found an association between hyperglycemia and presence of multiple lesions including SDH on head CT. This difference could be because we included surgical patients whereas Michaud et al. 1 did not consider the intraoperative period. Similarly, the lack of association between head CT lesion type and hyperglycemia in the Parish and Webb's study 4 may be due to operational differences in hyperglycemia definition (glucose Ͼ270 mg/dL). Regardless of these differences, however, our finding suggests that severe TBI, whether it is clinically scored or radiographically assessed, predicts perioperative hyperglycemia in children undergoing urgent/emergent craniotomy. Hyperglycemia may reflect TBI severity 2, 9, 11, 19 as it often occurs in children as a normal response to stress, secondary to an increase in the concentrations of stress hormones resulting in stimulation of gluconeogenesis and glycogenolysis. 20, 21 However, we did not have hormone levels to directly assess stress. We did examine surrogates of stress and potential confounding factors for hyperglycemia, such as extracranial injuries, perioperative fluid administration, use of mannitol, duration of anesthesia, hypotension, and fever, none of which affected hyperglycemia in our study ( Tables 5, 6 ). We did not enter perioperative fluid administered and presence of any SDH into the final multivariate analysis model because there were large numbers of missing data (29 missing data) for perioperative fluid, and every patient who had multiple lesions had SDH. However, hyperglycemia may exacerbate the impact of ischemia and hypoxia and lead to poor outcome 22, 23 by enhancing brain cellular and tissue lactic acidosis. 6,7,24 -26 Therefore, there is no consensus as to whether transient hyperglycemia after TBI should be treated and Parish and Webb have suggested that insulin should not be used to treat hyperglycemia during first 40 h after pediatric TBI. 4 However, when hyperglycemia is persistent, poor outcomes may ensue. 2, 4, 5 Twelve of 15 children with in-hospital mortality in our series had perioperative hyperglycemia and 7 (39%) of the 18 children with persistent hyperglycemia died. Although the aim of this study was to examine the risk factors for hyperglycemia and although we did not study mortality as an outcome measure (and thus did not enter mortality into multivariate analysis model), we observed higher in-hospital mortality in children with perioperative hyperglycemia than in those without hyperglycemia (Table 5 ), a finding which has been reported. 2, 3, 5 Approximately 2% of children had perioperative hypoglycemia and this can be equally detrimental to outcome. The real incidence of hypoglycemia may also be higher with more frequent sampling. Vespa net reduction in cerebral microdialysis glucose, but increases lactate/pyruvate ratio and global oxygen extraction fraction, with no functional advantage. 27 While the observations of increased lactate/pyruvate ratio in the context of reduction of blood glucose from insulin remain unexplained, the occurrence of increased number of hypoglycemic events during intensive insulin treatment raises concern regarding its routine use in TBI. 28 -31 The occurrence of two episodes of hypoglycemia in two patients in our study, independent of insulin, suggests that the risk of hypoglycemia is not theoretical. We speculate that the concern for hypoglycemia was primarily responsible for the infrequent use of intraoperative insulin during general anesthesia, even when glucose values exceeded 200 g/dL. However, currently there are insufficient data to support insulin treatment, and our study does not address the issue whether glucose above 200 mg/dL should be treated. Insulin administration in such circumstances may be dangerous and should be initiated with caution.
The major limitations of this study are the retrospective design of the study and the lack of long-term outcome data. This study presents data from one institution and other biological markers of stress injury after TBI were not available. We could not determine the effect of multiple lesions without SDH on perioperative hyperglycemia because all these patients had SDH in addition to other lesions on preoperative head CT. In this study, perioperative hyperglycemia was associated with in-hospital mortality, but the number of deaths was small and we were not able to determine if perioperative hyperglycemia was an independent predictor of death. Despite these limitations, these data provide new information regarding the incidence and risk factors for perioperative hyperglycemia, and of the incidence of hypoglycemia in children during general anesthesia and the perioperative period.
This study demonstrates that perioperative hyperglycemia was common and that intraoperative hypoglycemia was not rare in children with TBI requiring urgent/emergent craniotomy. We have also shown that perioperative hyperglycemia can be predicted by young age, severe TBI and multiple TBI lesions that include SDH. Since intermittent intraoperative sampling may have under-estimated the actual frequency of both hyper-and hypoglycemia, more frequent if not continuous, perioperative glucose monitoring in children with TBI may be needed.
